The phase behavior of strongly segregated AB diblock copolymer and selective C homopolymer blends is examined theoretically using a combination of strong stretching theory (SST) and selfconsistent field theory (SCFT). The C-homopolymer is immiscible with the B-blocks but strongly attractive with the A-blocks. The effect of homopolymer content on the order-order phase transitions is analyzed. It is observed that, for AB diblock copolymers with majority A-blocks, the addition of the C-homopolymers results in lamellar to cylindrical to spherical phase transitions because of the A/C complexation. For diblock copolymers with minor A-blocks, adding C-homopolymers leads to transitions from spherical or cylindrical morphology with A-rich core to lamellae to inverted cylindrical and spherical morphologies with B-rich core. The results from analytical SST and numerical SCFT are in good agreement within most regions of the phase diagram. But the deviation becomes more obvious when the composition of A-blocks is too small and the content of added C-homopolymers is large enough, where the SCFT predicts a narrow co-existence region between different ordered phases. Furthermore, it is found that the phase behavior of the system is insensitive to the molecular weight of C-homopolymer. C 2015 AIP Publishing LLC. [http://dx
I. INTRODUCTION
It is well established that diblock copolymers can selfassemble into different ordered nanostructures, including lamellae (L), hexagonal cylinder (H), and body-centered cubic spheres (S). These ordered phases have enormous potential of applications in emerging technologies such as nanotechnology, photonics, and controlled drug delivery. [1] [2] [3] In recent years, blending AB-diblock copolymers and C-homopolymers has attracted considerable attention both experimentally [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and theoretically. 17, [21] [22] [23] [24] [25] Blending different polymers provides a simple yet versatile route to direct the self-assembly of block copolymer system. In particular, ordered phases could be used more conveniently via blending for the fabrication of hierarchical and functional materials. In general, the polymeric materials from multicomponent blends may possess superior properties than those of individual component.
Most studies focus on binary AB/A blends, i.e., the homopolymer is chemically identical to one of the blocks of the copolymers, which shows the coexistence of macrophase separation and microphase separation. The relative length of homopolymer chain with respect to copolymer chain is a key factor controlling the phase behavior of blends. In particular, very long homopolymer chains can even stabilize some complex ordered phases. For AB/C blends, the phase behavior is more complex because of the presence of various parameters. For example, the affinity of C-homopolymer with A blocks strongly influences the interplay between enthalpic and entropic contribution as well as the equilibrium morphologies. a) Authors to whom correspondence should be addressed. Electronic addresses: shuangyang@pku.edu.cn and eqchen@pku.edu.cn
An important system extensively studied is the blends of an immiscible AB diblock copolymer and a C homopolymer, where C is immiscible with the B-block but interacts favorably with the A-block through the noncovalent hydrogen bonding interactions. Many experiments have investigated how the content of homopolymer and the magnitude of attractive interaction between A and C affect the phase behavior of the AB/C blends. 4, 5, 26 It was found that if the hydrogen bonding between C-homopolymer and the A-block is strong enough, macroscopic phase separation is prevented even at high concentration of the homopolymers.
14 Furthermore, it is expected that increasing the homopolymer concentration will lead to orderorder phase transitions. For example, Lefèvre et al. observed a cylinder to lamella transition with increasing amount of homopolymer in thin films of diblock copolymer and homopolymers mixture, where the homopolymer has much higher incompatibility with one of the blocks. 17 The authors found the homopolymer is localized in the center of the preferred microdomains due to a strong affinity via hydrogen-bonding interactions. The effect of adding homopolymers depends crucially on the diblock copolymer composition f (the volume fraction of A-block in a neat diblock copolymer). Besides, the coexistence between different ordered phases is possible in principle although the strong attraction between A and C prevents the demixing between copolymers and homopolymers. If A-block is the majority (f > 0.5), adding C plays the role of loading agent and increases the effective A-volume. A more interesting phenomenon is the phase inversion problem. If the minor A-blocks constitute the core of ordered H or S phase, the added C-homopolymers prefer to complex with A and drive the system to form a lamellar phase. Further addition of C will result in the formation of H or S phase in which AC complex constitutes the continuous phase. Dobrosielska et al. studied the equilibrium morphologies in hydrogen-bonded binary mixtures. 15 The morphological transitions from cylindrical structure of pure AB copolymer melt to spherical, lamellar, and inverse cylindrical structures have been observed in all blend samples with the increase of homopolymer concentration. Furthermore, they found that the phase morphology and the domain-spacing are affected by the molecular weight of added homopolymers.
Compared to the extensive experimental investigations about AB/C blends, relatively fewer theoretical studies have been devoted to this topic because of the large parameterspace involved in these complex systems. Earlier theoretical studies focused on the AB/A blends in the weak segregation regime 27, 28 and strong segregation limit. 29, 30 These theoretical methods were subsequently applied to AB/C systems, mainly focusing on weakly segregated copolymers. For the system involving hydrogen bonds, the hydrogen bonding interaction between different components is commonly modeled by assuming a large negative (attractive) Flory-Huggins parameter (χ < 0). 17, 31, 32 Based on this model, Zhou and Shi investigated the phase behavior of AB/C systems using RPA and self-consistent field theory (SCFT) calculations. 22 In their system, all pairs of components are miscible to each other but the homopolymer has sufficiently different interactions with the other blocks. They found a closed-loop immiscible region exhibiting different ordered structures, and their predictions about the order-order phase transitions were in agreement with many experiments. 9, 16, 19 In a later study, Dehghan and Shi developed a SCFT model of AB/C systems by considering the interpolymer complexation. 23 Instead of a negative χ parameter, the strong hydrogen bonding was described using supramolecular diblock chains which are capable of forming reversible bonding between A and C monomers. Their interpolymer complexation model correctly predicted the decrease of lamellar spacing with the increase of homopolymer at strong hydrogen bonding. Furthermore, Dehghan and Shi demonstrated that the negative χ-parameter model could provide useful information about the phase behavior of the AB/C blends. Some theories also handled the strongly segregated diblock copolymer with added selective C, 33, 34 but the effect of added homopolymer on the phase morphology transitions was not taken into account. Klymko et al. used strong stretching theory (SST) to analyze the structure of lamellae self-assembled from blends of an AB diblock copolymer with a homopolymer C that interacts favorably with the A blocks. 24 However, the authors did not consider the order-to-order transitions. Their main focus was the homopolymer distribution profile, as well as the maximum amount of C-homopolymers that can favorably penetrate inside the lamellae.
In this paper, we report a theoretical study of the phase morphology of diblock copolymer/homopolymer (AB/C) blends by combining the SST and SCFT. The study focuses on the case where the homopolymers C interact favorably with the A-blocks while the B-blocks are assumed to be strongly segregated from both the A and C species. We are interested in quantifying the homopolymer-induced order-toorder phase transitions, and describing particularly the possible phase inversion phenomena at small A-volume fractions, f .
In order to simplify the analysis, we invoke the unit cell approximation (UCA) which replaces the exact Wigner-Seitz cell of the periodic structure by a circularized or sphericalized cell for hexagonal cylinder or BCC sphere, respectively. 35, 36 The merit of the SST is that it provides an analytical result for the free energy of order phases. Complementary to the SST, the SCFT gives an accurate estimation for the free energy even for strong segregation cases. It predicts some narrow coexistence regions between ordered phases, which are distinguishable only for small f . The calculated results indicate that both methods predict very similar phase boundaries in most part of the phase diagram. The theoretically predicted phase behavior is qualitatively in agreement with available experiments. Thus, the combination of SST and SCFT used here provides a simple and accurate method to obtain a complete understanding for the phase behavior of the AB/C blends.
II. MODEL AND THEORETICAL METHODS
We consider binary blends of strongly segregated AB diblock copolymers and C homopolymers, assuming that all species have the same statistical Kuhn length b. We set k B T as the unit of energy and b the unit of length in the study. The degree of polymerization of the diblock copolymer is N, in which the A and B blocks consist of fN and (1-f )N monomers, respectively. Each homopolymer possesses N C monomers. All monomers are assumed to be incompressible and occupy the same volume v = b 3 . The A-blocks and C-homopolymer are assumed to be strongly incompatible with the B-block, whereas the C-homopolymer has a strong attractive interaction with the A-block. Consequently, we set the Flory-Huggins interaction parameters charactering the mutual interactions between different components as χ AB = χ BC = χ ( χN >> 1) and χ Ac < 0 to simplify the calculation. For this set of parameters, the A and C components tend to segregate forming one domain, and the AC domain will be phase separated from Bblocks. Furthermore, macrophase separation between copolymers and pure homopolymers is not likely to occur due to the attractive AC interaction. For simplicity, we will only consider the classical phases (L, H, S) under the assumption of UCA. For each ordered phase, the unit cell size is R. Considering the possibility of inverse H or S phase, we adopt the subscript A to indicate an A-rich core in a B-rich matrix and vice versa for subscript B. Although the UCA excludes the gyroid phase in the calculations, we expect that our results will provide a qualitatively correct phase behavior.
A. Strong stretching theory
Because the A/C components are immiscible with the Bblocks (strong segregation limit), the interfaces between the A/C and B domains are much thinner than the characteristic period of the ordered phase. 37 In this limit, the A and B subchains form two opposite brushes grafted into the interface between the different microdomains. In the SST, each subchain is strongly stretched normal to the interface. The A and B blocks follow the shortest straight path between the free end and the interface in order to minimize their degree of stretching. 35, 38 It is known that the free chain ends are expelled from the zones near the outer curved surface of an elementary cell, i.e., for a brush grafted to a cylinder or a sphere from outside, which leads to the so called "dead zone" problem. 39 In what follows, we neglect this complex effect. In the A/C domain, the C-homopolymer tends to be adsorbed inside the A block region uniformly at low concentration resulting from the strong attractive interaction. In order to produce analytical expression in SST, we adopt a strong but reasonable assumption that C monomers are distributed uniformly in the A/C domain. If the total volume fraction of added homopolymer is ϕ, then the concentration of the A-monomers in A/C region of each cell is given by
The free energy of each cell in the SST is presented simply as the sum of an interfacial term, an elastic term, an ideal gas term, and an attractive A/C interaction term,
The interfacial energy (given in k B T energy) is the product of the interfacial area S 0 between A/C and B microphases with an interfacial tension γ (γ = b  χ/6),
The elastic energy due to the elongation of diblock copolymer can be written in terms of volume integrals
here, [A] and [B] denote the corresponding space occupied by A/C or B segments in each cell. z(r) is the normal distance from a given point r to the nearest AB interface. It is noted that the coefficient φ 0 A in front of the first integral comes from the constant concentration of A monomers in A/C complex microphase.
The ideal gas term can be written as
where V 0 is the total volume of the cell. The A/C interaction term is given by
With above definition, the total number of block copolymer chains in each unit cell can be obtained as M =
Then, the free energy per one diblock copolymer chain in the system is as follows:
For a given morphology, the free energy should be minimized with respect to the size of the unit cell, or equivalently, the variable V 0 /S 0 . We can see that for all structures, the free energy terms scale as
2 At the same time, F h and F m are constants independent of the morphology and the cell size. We can neglect these terms since they do not affect the phase transition conditions. After minimizing, the result for the free energy per copolymer chain is
whereg is a numerical factor depending on the specific structure of the cell
Within UCA, the interfaces become circular (or spherical) in C (or S) phases and the classical paths of block copolymer become straight lines in the radial direction. For the reason of rotational symmetry, z(r) depends only on the radial distance r from the point r to the nearest interfacial plane. Then, for all classical phases, the expressions ofg can be calculated on the basis of simple geometrical construction. The analytical results for different ordered phases are summarized as follows: a. Lamellae phase:
b. Cylindrical phase consists of A/C-core and B-shell, with introducing a variable t = ϕ + f − ϕ f :
c. Cylindrical phase consists of B-core and A/C -shell, with introducing a variable t 1 = (1 − ϕ)(1 − f ):
d. Spherical phase consists of A/C-core and B-shell, with introducing a variable t 2 = (ϕ + f − ϕ f ) 1/3 :
e. Spherical phase consists of B-core and A/C -shell, with introducing a variable
B. Self-consistent field theory
The basic idea of the SCFT approach is that the complex many body interactions between all molecules are decoupled using the mean-field approximation, and the statistical mechanics of system is mapped into a single chain problem for each component j under an effective field ω j . For a canonical system, the mean field free energy F is given by 22
Here, the summation of j runs over all components (A, B, C). φ j is the corresponding dimensionless local segment concentrations (volume fractions). Q p and Q C are the single chain partition functions of the diblock copolymer and homopolymers chains in their mean fields, respectively. The logarithmic terms in Eq. (11) account for the translational entropy of polymer chains. In terms of previous notation, we haveφ C = ϕ and φ p = 1 − ϕ. Minimization of F with respect to all variables leads to the set of self-consistent field equations about the local polymer concentrations and the external fields. The mean fields depend on the averaged local concentrations as follows:
where η(r) is a Lagrange multiplier field used to ensure the incompressibility constraint,
The conformation statistic of polymer chain is described by the end-integrated propagators q(r,t) and q + (r,t). For a diblock copolymer, q A (r,t) is defined as the probability of finding one end segment of A block of length t at point r while its other end is free. Correspondingly, q + A (r,t) is the probability of finding the end segment of A chain of length t at r, provided that the other end is connected to the B block. The propagators of the B-component have the similar physical meaning as A. The homopolymer only requires one propagator q C (r,t) with the similar definition as q A (r,t). These propagators are determined by their mean field ω j (r) and satisfy the modified diffusion equations,
q + A (r,t) and q + B (r,t) satisfy the identical equations as q A (r, t) and q B (r,t), and the difference is that the initial conditions of q + (r,t)| t=0 must be determined from the connectivity. For diblock copolymers, the initial conditions are q A (r, 0) = q B (r, 0) = 1, q + A (r, 0) = q B (r, N B ), and q B + (r, 0) = q A (r, N A ). While for homopolymer, the initial condition is q C (r, 0) = 1.
In terms of the propagators, the partition functions of a single diblock chain or homopolymer chain in their mean fields are given by
Once all the above quantities are determined, the segment concentrations are obtained by simple integration and given by
Equations (12)- (16) constitute a closed set of SCFT equations, which can be solved numerically. The use of UCA
where the integer m is equal to the value 0, 1, or 2 if the morphology is L, H, or S, respectively. We solve these equations in real space by using an iterative technique with a combination of simple mixing and Anderson mixing. 40, 41 The characteristic of Anderson mixing is that it mixes the output of several previous iterations and calculates the best mixing parameters in each iteration step. 42 It has been shown that this procedure can speed up the convergence noticeably. For a given morphology with fixed domain size, simple mixing is first performed until a certain tolerance is reached, and then we switch to the Anderson mixing scheme. 40 Once the convergent solution is obtained, the free energy can be deduced from Eq. (11). Then, one can adjust the domain spacing (the unit cell size) so as to minimize the free energy density for a given morphology at fixed parameters. 40, 43 Consequently, the phase transition boundaries of ordered-ordered phase transitions will be determined by comparing the minimum free energy density between different candidate phases.
The above strategy of canonical formalism provides stable numerical solution. However, we have to consider the possibility of the co-existence of ordered phases. The canonical approach requires performing the double-tangent constructions to predict the co-existence region of different phases, which is always difficult for narrow coexistence region. Alternately, using the grand-canonical ensemble to deal with the present case is more convenient than canonical approach. The grand-canonical free energy G can be deduced from the free energy expression of canonical ensemble Eq. (11) via a Legendre transform.
Here, n C =φ C V ρ 0 /N C is the number of homopolymers in the blend. µ C is the chemical potential of homopolymer C (we set the chemical potential of diblock copolymer AB as zero). The key issue is that the chemical potential in grand canonical ensemble can be evaluated from the canonical solution. The expressions of segment concentration for each component must be equivalent in both canonical and grand-canonical ensembles, which results in the chemical potential as follows:
where Q p and Q C are the partition functions of a single copolymer or homopolymer chain in the canonical ensemble. With that, one can calculate the grand-canonical free energy from the canonical solution. By equating the corresponding free energy G for two different phases at the same chemical potential, one can obtain the coexisting solution (see the details in Matsen's papers 27, 44 ).
III. RESULTS AND DISCUSSION
In this section, we present the results of the phase behavior of AB/C blends, calculated using both the SST and SCFT. Since the C-homopolymers preferably penetrate into the Arich domains, the addition of the homopolymers increases the effective volume fraction of the A-block and drives the system to undergo order-to-order phase transitions. A simple and natural idea is that one can parameterize the phase morphologies in terms of an effective volume faction of the A/C complex f ′ = ϕ + (1 − ϕ) f , provided that the coexistence region between two ordered phases is so narrow that two-phase region can be ignored. This one-component approximation could then be used to predict the order-order transition boundaries. For example, for the L → H B transition, the one-component approximation would predict that the transition boundary is given by f ′ = ϕ + (1 − ϕ) f = 0.663. On the other hand, the added homopolymers affect the phase transition via the competition between interfacial energy, complexation energy, as well as conformational entropy of the A and B blocks. From this perspective, the one-component approximation has a limited validity region, and a dedicated treatment is required. In the following, we present results on the effects of the added Chomopolymer on the phase behavior of AB diblock copolymer from a combination of the SST and SCFT calculations. Figure 1 presents the phase diagram for the AB/C blend in the ( f , ϕ) plane. The SST results are shown using dotted lines with squares while the SCFT results are presented using solid lines. The pure single-phase regions have been labeled. Our SST treatment only considers the order-to-order phase transition boundaries, whereas the co-existence regions between ordered phases are taken into account in the SCFT. As shown in Figure 1 , increasing the homopolymer concentration ϕ drives the order-order phase transitions following a sequence similar to that obtained by decreasing the volume fraction of the B blocks. The two-phase regions are distinguishable only within some parameter space. Most part of co-existence regions of two ordered phases is rather small and can be ignored. However, we need to point out that our SCFT calculation is not accurate enough for L → H B transition region of f ∼ 0.075 (0.4 < ϕ < 0.6) as well as H B → S B transition boundary of f ∼ 0.095 (0.5 < ϕ < 0.6). In these cases, the periodicities of the ordered phases are rather large as ϕ increases. The accurate evaluation in real space then becomes difficult, and solving these equations with a functional expansion in reciprocal space will be a more efficient and reliable approach. 44 Another interesting case is the extremely small f , which we did not handle here because of the calculation difficulty (the equilibrium domain size of microstructures diverges to infinity in this case). When f approaches to zero, one can expect that a regular demixing between a B-phase and a C-phase will occur as a result of incompatible contacts between long B chains and C polymers.
In the phase diagram, the phase boundaries predicted by the SST and SCFT are in good agreement except for the cases with very small f and large ϕ. If the A segment is not the minority ( f > 0.32) in a neat AB diblock copolymer, the added C-homopolymer swells the A-rich phase and favors formation of a structure with a larger mean curvature. C-homopolymers are adsorbed into A-rich region nearly uniformly and results in the H B → S B or L → H B → S B transition. However, for small values of f , the SCFT and SST display large difference at high homopolymer concentration. Specifically, with the increase of homopolymer concentration, the SCFT predicts the occurrence of a complete phase inversion following the sequence of S A → H A → L → H B → S B in a narrow range of 0.093 < f < 0.132, accompanied by the narrow coexistence region between two closed ordered phases. For smaller composition of 0.075 < f < 0.093, one cannot obtain S B phase with B-rich core by solely adding the homopolymers. If f < 0.075, only lamellar phase can be found even at very high homopolymer concentration. Correspondingly, the SST predicts the complete phase inversion as adding more homopolymers at any f < 0.115. Some experiments with similar system are in agreement with our prediction. Dobrosielska et al. carried out experiments for a similar AB/C system. 15 Starting from a neat AB diblock copolymer with f = 0.22 (H A cylinder phase), they observed that at different content of added short homopolymer C, the ordered phases change as follows: L (ϕ = 0.26) to H B (ϕ = 0.38, 0.59) to S B (ϕ = 0.86), which is in agreement with our prediction. They identified the sample of ϕ = 0.59 as a cylinder phase, in fact it is more likely a blend of H B and S B phases from their TEM pictures. Possibly, their sample might not be in equilibrium state, therefore, the cylindrical morphology observed there might be the result of a kinetically controlled transition state.
We now analyze the mechanism of the phase transitions upon adding homopolymers. When f is small, the added small amount of the C-homopolymer is adsorbed inside the A-rich core uniformly. The main consequence is that the interfacial area Σ occupied by each copolymer chain increases accordingly (strongly stretched B block chain is also contracted). The gained free energy from blending A/C can compensate the increased interfacial energy. That means a less curved surface is more energetically favorable upon increasing the homopolymer content, i.e., resulting in the transition
With increasing the homopolymer content, the A block chain is stretched gradually until to some limited extent so that interfacial area per copolymer chain Σ max hardly changes any further. Then, the more added homopolymers will be located far from the interface at large ϕ. If the system adopts the inverted phase with B-rich cores, the very long B block chain loses large conformational entropy because of spatial confinement (remembering the interfacial area per chain reaches Σ max ). This inverted phase is likely unstable so that the system still preserves the more stable L or H B phase. That is why we cannot find H B or S B phases at high value of ϕ. This effect is very similar to the surfactant molecules in water. The self-assembled micelle structures (lamellar or rodlike or spherical micelles) of surfactants depend critically on the aspect ratio that is determined by the area of hydrophilic head-group size and hydrocarbon tail length. 45 For the AB/C blends, the resulted ordered phase is a delicate balance between different factors. In fact, the SST is not applicable for the case of small f and large ϕ.
In order to get some insight into the SST, we plot the segment concentration profiles for cylindrical phases with Brich core at different composition and homopolymer content calculated from the SCFT. The detailed parameters are also shown in Figure 2 . The equilibrium domain size R* of an ordered phase is achieved by minimization of free energy with respect to the unit cell size R. When the A block is the majority component ( f = 0.7), the added homopolymer as well as the A segments are distributed inside the corona almost uniformly, since the segregation between B block and A/C complex is very strong (sharp interface). For a smaller composition ( f = 0.4) and enough amount of homopolymer (ϕ = 0.4), one can still see nearly constant A/C segment distributions within corona (Figures 2(a) and 2(b) ). In these cases, our assumption of homogenous A/C blending used in SST is reasonable, and the two theories predict the similar phase transition boundaries.
However, if A segment is the minority component (small f ), the situation is rather different. A large amount of homopolymer is required in order to form the converted phase of Bcentered cylinders. As shown in Figures 2(c) and 2(d), nonuniform distributions of A or C segments occur and homopolymer tends to concentrate on the periphery of cylinders (or the region between different cylinders). The smaller is f , the enrichment of homopolymer at the edge of the cylinder is stronger. Because of conformational entropy reason, A blocks can only be stretched to some extent, so that the numerous excessive homopolymer (compared to A segments) cause a saturation effect of its dissolvability into A-block brush and the enrichment of homopolymer at the marginal region of cylinder.
In fact, our result shows that SST works still well as long as the distributions of A/C segments do not deviate from uniform distributions severely.
A specific quantity is the core size R * core of cylindrical phase with minor A-blocks, which is important in applications such as in Nano-Imprint lithography techniques, 46 and in making better polymeric elastic materials. 47 The boundary of the core is defined as the location where the concentration of B segments is φ B (r = R * core ) = 0.5. Here, we plot the core size of H A cylinders as a function of homopolymer content in Figure 3 for different compositions. The core size is approximately a linear function of homopolymer content. similar result as that for the case of N = 500 in the majority of phase diagram in which region its phase behavior is also in agreement with SST. However, the co-existence regions between ordered phases are relatively large compared to longer chains of N = 500. When composition f is small, the deviation of SCFT result from SST is more obvious for short diblock copolymer chains than longer chains. More importantly, for small enough f , one can always obtain spherical phase or cylindrical phase (very narrow range of f ) with A-rich cores no matter how many homopolymers are added. This phenomenon is attributed to the fact that the A block chain is too short, so that the increased interfacial area of each copolymer chain by adsorbing homopolymer is not large enough to counterbalance the conformational entropy of B block. The transition to other ordered phase with cylindrical or planar surface will not occur. An important issue is the molecular weight effect of the homopolymer. In the blends of immiscible block copolymer AB and homopolymer A, the homopolymer molecular weight is one of the key points controlling the phase behavior of blends. A short enough homopolymer A will be distributed inside A-rich region with a constant density. 48 Whereas long enough A homopolymer chains are essentially incompatible with A-blocks, which leads to the space separated between homopolymer and block copolymer in any ordered phase. 29 However, in the present case, the homopolymer C always tends to not contact with B but strongly complex with A, so that molecular weight has trivial effect on the property of system. Indeed, we carried out SCFT calculations and found that the phase boundaries between different ordered morphologies are hardly affected by the homopolymer chain length N C . In fact, the segment concentration profiles seem to be independent of Figure 5 . It is also noted that the longer chain still has weak tendency to concentrate on the middle region of A-rich domain for the reason of conformational entropy loss. Of course, if the added component C is not a polymer but a solvent, this situation is reduced to the case of amphiphilic molecules in solution. The translational entropy of solvents will play an important role. Especially when the copolymer concentration is small, ordered microstructures may be replaced by disordered micelles with B-centered cores. The insensitivity to the molecular weight of homopolymer was revealed by Zhao et al. in their experimental study about the similar AB/C system. Since their homopolymer C can form strong hydrogen bonding with A, the glass transition temperature associated with the A microphase swollen with C, 13 as well as the deduced microphase morphology, is independent of homopolymer molecular weight when the attractive interaction between A/C is sufficiently strong. Although in the experiment of Dobrosielska et al., they found that increasing the molecular weight of homopolymer C indeed induces L → H B → S B morphologies transition keeping the total volume fraction of homopolymer fixed, 15 we believe that the hydrogen bonding interaction between A and C segments in their system is moderate so that the degree of complex is sensitive to the molecular weight of C. A complete quantitative understanding for their specific system may require a refined model with ϕ-dependent χ AC parameter.
Another experiment that is analogous to the AB/C system was executed by Noro et al. 49 They investigated the phase behavior of the hybrids composed of a diblock copolymer and nanoparticles, where the nanoparticles are selectively incorporated into one block domain via hydrogen bonding. The observed morphologies at different composition f and nanoparticle content show an astonishing agreement (see Table II in Ref. 49 ) with our result of Figure 1 . Apparently, nanoparticles are different from homopolymers, however, the good prediction of our result for nanoparticle-included system possibly supports the morphological independence on the molecular weight of added homopolymers in AB/C blends.
IV. SUMMARY
In this paper, we study the phase behavior of AB diblock copolymers blending with C homopolymers theoretically. The B block is strongly immiscible with the A block and the C homopolymer, whereas the A block is attractive to the C block. Adding the C-homopolymers increases the volume fraction of the combined A/C volume fraction and leads to variety of order-order phase transitions. On the basis of the unit cell approximation, we adopt SST and SCFT to study how the addition of the homopolymers affects the classical morphologies including L, H, and S phases of diblock copolymer. A phase diagram in ( f , φ) space is obtained. The SCFT treatment predicts some narrow coexistence regions between closed ordered phases when f is small. The analytical SST and numerical SCFT are in good agreement in most part of the phase diagram, which is attributed to the fact that the segment distribution of C is almost homogeneous in A-rich region in these parameters. The phase transition rules are displayed. Specifically, we find that for minor A block system with small value of f , adding C results in the occurrence of inverted phases where the S A and H A phase with A-rich core change to lamellae to H B and S B phase but with B-rich core. However, for rather smaller f , the transition from L to H or from H to S is impossible to be achieved only by adding homopolymers. Furthermore, we find the molecular weight of C has very tiny influence on the phase behavior because of the favorable interaction between A and C. Despite its success in predicting the phase morphologies in several experiments, our theoretical prediction needs more wide and firm support from experiments.
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